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CHAPTER I 
 
 
INTRODUCTION 
 
Water is essential to sustain human life (Siegel, 2008). Water is needed for the production of 
economically viable crops, industrial, and domestic purposes. Worldwide, irrigated agriculture is 
the largest consumer of water, withdrawing nearly 70% or 2663 cubic kilometers of freshwater 
per year (Km3/yr) (Plappally et al., 2012; Mora et al., 2013). In the U.S., irrigation is the second 
largest consumer of water, accounting for 34% of all water withdrawals (Griffiths et al., 2009).  
In Oklahoma, growers applied more than 170 billion gallons of water for irrigating 426,602 acres 
of farm land (Taghvaeian, 2014). 
Water and energy are interlinked in many ways. Water is needed for the production of 
energy and energy is required for water extraction, distribution, disposal etc. (Siddiqi et al., 
2011). This inter dependency is also called water-energy nexus (Griffiths et al., 2009; Rothausen 
et al., 2011). Irrigated agriculture relies on energy resources to extract freshwater and to convey it 
to application sites. In Oklahoma, electricity was the main source of pumping energy, supplying 
water to 46% of all irrigated acres in state. This was followed by natural gas which powered 
pumps to irrigate 42% of all irrigated acres (Taghvaeian, 2014). Both water and energy are finite 
natural resources. As such, strategies to improve the performance of irrigation systems should 
look at both water and energy resources especially at field level. 
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Studies have shown that pumping of groundwater is an energy intensive process. In the 
U.S., Sloggett et al. (1979; 1992) reported that pumping groundwater required 23% of total on 
farm energy use. According to Hodges et al. (1994), 15% of total energy used for crop production 
was used to pump irrigation water. The amount of energy consumed for groundwater pumping 
and conveyance depends on number of factors like depth to groundwater, efficiency of the 
system, crop water requirement etc. Energy consumption has major environmental consequences 
(Khan et al., 2014; Pradeleix et al., 2015). In China, Wang et al. (2012) reported that pumping 
groundwater for irrigation accounted for 3% of total emissions from agriculture. A similar study 
in Iran found that groundwater pumping was responsible for 3.6% of total carbon emissions in the 
country (Karimi et al., 2012). In India, groundwater pumping lead to emission of nearly 6% of 
India’s total GHG emissions (Shah, 2009). In the US, carbon emissions due to pumping irrigation 
water were reported to be about 3 million metric tons of carbon per year (MMTC/yr) (Follett, 
2001).  
The rapidly increasing population, climate change, increased per capita water 
consumption, declining groundwater levels have influenced the water and energy demand 
(Griffiths et al., 2009; Alvaro et al., 2010; Plappally et al., 2012; Qui et al., 2018). As a result, 
there is increased pressure on available freshwater resources (Gracia et al., 2011). Additionally, 
growers are under pressure to produce more yield with less inputs (Howes et al., 2014; Mora et 
al., 2013; Levidow et al., 2014). Improving the overall efficiency and application uniformity of 
irrigation systems is essential for rational and efficient use of irrigation water and energy. Which 
in turn is essential for sustainable development (Moreno et al., 2007). Optimizing water 
management is also crucial for maintaining environmental quality (Leung et al., 2000).  Apart 
from enhancing the environmental quality, optimizing the efficiency of the irrigation system can 
augment the economic returns of the growers in terms of energy, fuel and costs of inputs like fuel, 
fertilizers etc.     
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CHAPTER II 
 
 
THE EFFICIENCIES, COSTS AND ENVIRONMENTAL IMPACTS OF ENERGY 
CONSUMPTION FOR GROUNDWATER-BASED IRRIGATION IN OKLAHOMA 
 
Abstract 
Irrigation systems in the central and north west Oklahoma were tested with the aim of 
determining their energy consumption efficiencies. The pumping plants tested were broadly 
divided into two categories: electricity powered pumping plant and natural gas powered pumping 
plants. The energy consumption efficiency is a function of overall pumping efficiency (OPE). 
The actual Overall Pumping Efficiency (OPE) of the pumping plants were evaluated and 
compared against two widely used standards: The Nebraska Pumping Plant Performance Criteria 
(NPPPC) (Krantz, 2010) and the efficiency classification developed by the Center for Irrigation 
Technology (CIT) at California State University-Fresno. The average OPE was found to be 
43.3% and 13.6% for electricity powered irrigation pumps and natural gas powered irrigation 
pumps respectively. These averages were much lower than the recommended NPPC standards. 
Life cycle assessment (LCA) was also performed to quantify the environmental burdens of 
operating the pumping plants.   
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1.  Introduction 
Irrigated agriculture around the world relies heavily on energy resources to extract 
freshwater and to convey it to application sites. This is especially the case in arid/semi-
arid regions, where large amounts of irrigation supplies are required to sustain crop 
production. As a result, the availability and cost of energy are among major factors 
impacting the economic viability of irrigated agriculture in these regions. In addition, 
energy consumption for irrigation has major environmental consequences, mainly due to 
the emission of greenhouse gasses (Khan et al., 2014; Pradeleix et al., 2015). Wang et al., 
2012 reported that pumping groundwater for irrigation accounted for 3% of total 
emissions from agriculture in China. A similar study in Iran found that groundwater 
pumping was responsible for 3.6% of total carbon emissions in the country (Karimi et al., 
2012). In India, groundwater pumping lead to emission of nearly 6% of India’s total 
GHG emissions(Shah, 2009). In the US, carbon emissions due to pumping irrigation 
water were reported to be about 3 MMTC/yr (Follett, 2001). 
Energy consumption and its associated energy/maintenance costs and greenhouse gas 
emissions can be reduced by improving pumping efficiency (Patle et al., 2016). In a study in 
central Tunisia, Luc et al. (2006) found that improving pumping efficiency could result in 33% 
cost reduction on average. An average cost saving of 17% following efficiency improvement was 
also reported by Mora et al. (2013) for an irrigated area in southeastern Spain. Pump efficiency is 
primarily dependent on the operating conditions such as the total dynamic head (TDH) and the 
condition of the pump. Any deviation from the optimum conditions can lead to reduced efficiency 
and increased expenditure and emissions.  
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One deviation from the optimum conditions is the change in the TDH, caused by declines 
in groundwater levels. This is especially the case in irrigated areas that rely primarily on deep 
groundwater resources. In these areas, depth to groundwater accounts for a significant portion of 
the TDH. In the North China Plain, Qui et al. (2018) estimated that groundwater declines from 
1996 to 2013 has led to 22% increase in energy consumption and 42% increase in greenhouse gas 
emissions. Increases in the groundwater depth will not only increase the TDH and consequently 
energy use (Griffiths et al., 2009), but will also result in a gradual deviation from design 
parameters used in selecting the most efficient pump and hence a reduction in system efficiency. 
Irrigated agriculture in Oklahoma has been facing similar energy-related challenges. In 
2013, Oklahoma producers spent over USD 22 million to power more than 5,300 pumps 
(Taghvaeian, 2014). Electricity was the main source of pumping energy, supplying water to 46 
percent of all irrigated areas in the state. This was closely followed by natural gas, which powers 
pumps to irrigate 42 percent of all irrigated lands (Taghvaeian, 2014). Thus, identifying energy 
consumption efficiencies and practices that can improve them will have a considerable impact on 
the profitability of agricultural production in Oklahoma. In addition, Oklahoma producers who 
rely on groundwater resources have been experiencing a decline in water availability, reflected in 
a reduction in average well capacities from 0.032 m3 sec-1 in 2008 to 0.026 m3 sec-1 in 2013 
(Taghvaeian, 2014). The groundwater decline has been more significant in the Panhandle region 
and during drought periods. 
The overarching goal of this study was to identify the efficiency of irrigation pumping 
plants in agricultural regions of central and western Oklahoma that rely on groundwater 
resources. The more specific objectives included: i) to conduct energy audits and estimate the 
overall pumping efficiency for a representative number of plants in Oklahoma; ii) to study 
greenhouse gas emissions and other associated environmental impacts of energy consumption for 
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irrigation; and, iii) to investigate the impacts of variable depth to groundwater on the efficiencies, 
economics, and environmental footprint of pumping plants. 
2. Materials and Methods 
2.1 Study Area 
A total of 24 irrigation pumping plants in central and north western Oklahoma were 
tested between 2015 and 2018 with the aim of determining their energy consumption efficiencies. 
Of the pumping plants evaluated, fourteen were located within the Ogallala aquifer and ten within 
the Rush Spring bedrock aquifers (Fig. 1). The Ogallala sites were all natural gas internal 
combustion powered and the Rush Spring sites were electricity powered pumping plants. The 
Ogallala aquifer is one of the most important aquifers in Oklahoma, supplying more than 98% of 
the total water demand in the Panhandle regions (Taghvaeian et al., 2016). The Rush Spring is 
another important bedrock aquifer in the state and provides irrigation water to numerous fields in 
central Oklahoma. The depth to groundwater is much larger in Ogallala and it has experienced a 
steady decline over the past several decades, while the Rush Spring is shallower and more 
sensitive to inter-annual variations in precipitation (Taghvaeian, 2014).   
 
Figure 1. Location of tested systems across western Oklahoma 
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2.2 Energy audit  
The energy audits included determining several basic irrigation well and pump 
parameters such as depth to groundwater, water pressure, and discharge rate. These parameters 
were then used to estimate the Overall Pumping Efficiency (OPE), a widely used metric for 
assessing the efficiency of irrigation systems. The OPE is the ratio of the output work the pump 
exerts on the water at the pump outlet, known as water power (WP), to the required energy input 
or energy horsepower (EHP) of the driving unit required to pump the measured water output 
(Brar et al., 2017) and is calculated as: 
                             = 	  ()	  () × 100                                   (1) 
The WHP (kW) can be determined as: 
                                                      =  ×                                                               (2) 
where Q is the discharge rate (m3 sec-1), TDH is the total dynamic head (m) and F is a conversion 
factor equal to 0.102 (m4 sec-1 kW-1). In this study Q was measured using an ultrasonic flow 
meter (Portaflow-C, Fuji Electric Co., Japan) on the discharge pipe from the pump. The accuracy 
of the ultrasonic flow meter was tested previously against a calibrated flow device and found to 
be acceptable (Masasi et al., 2017).  
The TDH is the total equivalent pressure that must be applied to the water column being 
pumped while also taking into account the losses due to friction (Brar et al., 2017). In this study 
the friction losses in the pipe have been estimated and added to the measured lift term: 
                                ! = "#$"%&' (%)* + ",-..#,- ℎ-01                                   (3) 
 
8 
 
where, pumping lift is the vertical distance between the pumping water level and center of the 
pump outlet (m) and pressure head is the pressure required at the pump outlet (m). The pumping 
lift was measured by lowering a water level meter (model 102, Solinst Canada Ltd., Canada) 
probe through an access hole in the pump base-plate whilst a pressure gauge close to the pump 
outlet was used to measure the pressure head (Frazier et al., 2017). 
The estimation procedure for EHP depends on the type of energy used and differs among 
electric motor in the Rush Spring aquifer region and natural gas engine driven pumps in the 
Ogallala aquifer region. 
2.2.1. Electric motors 
Electric motor driven irrigation pumps tend to be used where the ground water depth is 
less than 80 meters and three-phase power is available. These pumps usually require less 
maintenance and operational activity than internal combustion engines. For electric motors the 
energy input (kW) is the electrical power supplied to the motor and can be calculated using the 
following equation for a three phase motor: 
 = 2 × 3 ×  × 4.6784999       (4) 
where V is voltage (V), I is current (A), PF is power factor, and 1.732 is a conversion factor. In 
this study V, I and PF were measured using a three phase electric meter. The current of each of 
the three legs was first measured individually and then averaged. The voltage was measured 
across all three legs and also averaged. 
2.2.2. Natural gas engines 
The natural gas consumption of the internal combustion engines was measured by a 
rotary gas meter (Dresser Roots® Series B, General Electric, Boston, MA, USA). The gas meter 
was installed by turning off the gas supply to the engine at the gas meter. The main fuel line 
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running to the intake manifold was disconnected and the rotary meter was installed in-line with 
this gas line which was then reconnected to the engine. The engine was allowed to run until in 
steady state operating temperature. The irrigation water pump was also allowed to bring the entire 
irrigation system up to operating pressure (water delivery from all nozzles). The engine and pump 
system were allowed to run for 30-45 minutes at which time average fuel consumption readings 
and correction factors were recorded. Removing the rotary meter was the reverse of installation 
procedure. 
The meter auto-corrects for gas pressure, density, and temperature. The display gives 
readings of cubic feet per minute, which were converted to Btu per hour which is converted to 
mechanical power MJ/hr. This is a measure of the input “fuel power”. 
The estimated OPE of the audited pumping plants was compared against two widely used 
benchmarks: the Nebraska Pumping Plant Performance Criteria (NPPPC) and the efficiency 
classification developed by the Center for Irrigation Technology (CIT) at California State 
University-Fresno (Hanson, 2002). According to NPPPC, the OPE of accurately designed and 
appropriately maintained electricity- and natural gas-driven pumping plants should be 66% and 
17%, respectively (Ross and Hardy 1997). 
2.3. Life cycle assessment 
 The greenhouse gas (GHG) emissions for the pumping sites were calculated using the 
GREET® (GREET.NET version 2017, Argonne National Laboratory, Argonne, IL, USA) and the 
U.S. Environmental Protection Agency (EPA) Greenhouse Gas Inventory Guidance (Greenhouse 
Gas Inventory Guidance, United States Environmental Protection Agency (EPA), 2016). While 
the GREET model is basically a transportation Life Cycle Assessment (LCA) analysis tool, it can 
provide an accepted approximation for examining fuels and energy production from extraction 
and processing (well) to end-use (pump). This technique in GREET is called “Well to Pump” 
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(WTP). The WTP approach calculates GHG emissions during the production, transmission and 
distribution stages of electricity. 
In the case of electricity where end-use is essentially emission free for both stationary and 
vehicle uses, the WTP model can be used for stationary irrigation pumping plants without the 
need for any modification. The U.S. Central and Southern Pains Utility Mix category was chosen 
to best represent grid electricity composition for Oklahoma. The emissions were calculated for 
1,000 hours of irrigation system operation. In the case of natural gas, GREET “Well to Pump” 
(WTP) greenhouse gas analysis (extraction, transmission through pipes, distribution) is added to 
an EPA stationary engine emissions calculation technique to give an approximation of the total 
GHG emissions for stationary engines. 
The EPA end-use GHG estimation for natural gas methodology employed was based on 
using the natural gas volume consumed and measured during the field tests with the gas flow 
meter. The methodology is as follows: 
$ = :#-( × ; × :                                                                        (5)                                    
where Em is the mass of CO2, CH4 , or  N2O emitted, Fuel is the mass or volume of fuel 
combusted, HHV is the fuel heat content (higher heating value) in units of energy per mass of 
fuel, and EF is the emission factor of CO2, CH4, or N2O per energy unit. The HHV and EF values 
reported in (Greenhouse Gas Inventory Guidance, United States EPA, 2016) for natural gas 
combustion were used in this study. For the total GHG emissions from combustion, the CO2 
equivalence factors of 25 for CH4 and 298 for N2O were applied. Similar to electric motors, the 
emissions were reported for 1,000 hours of irrigation system operation. 
2.4. Long-term trends 
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Since irrigated agriculture in the study area relies heavily on groundwater, it is of great 
importance to investigate the impacts of long-term fluctuations in groundwater levels on 
efficiencies, emissions, and economics of irrigation pumping. The first step to conduct this 
analysis was to estimate variations in energy requirement in response to changes in groundwater 
depth for each of the studied aquifers (Ogallala and Rush Spring). Several previous studies have 
investigated energy required for pumping groundwater as a function of depth to groundwater 
(Rothausen et al. 2011, Karimi et al. 2012, Patle et al. 2016, and Shahdany et al. 2018). These 
studies have used the following equation or a variation of it, which was also selected in the 
present study and applied to estimate annual energy requirement over the 17-year period from 
2001 to 2017: 
                                      &-,'< =  × = × 7.>8×49? ×@                                                      (6) 
where energy is in kWh, M is the total mass of groundwater pumped for irrigation (kg), g is the 
gravitational acceleration (9.8 m sec-2), and other parameters have been defined before.  
Since actual long-term TDH data for audited systems were not available, this parameter 
was approximated through developing a linear regression model to predict TDH from 
groundwater depth (GWD) based on the data collected during energy audits. The assumption was 
that GWD is by far the largest portion of TDH, especially since all tested center pivot systems 
were mid-elevation spray application type and thus required significantly lower operating 
pressures compared to traditional center pivots. The close proximity of irrigation wells to 
irrigation systems meant that pressure losses during water conveyance were fairly small too. Once 
this relationship was developed it was applied to the average annual GWD, estimated during the 
2001-2017 period based on the readings reported by the Oklahoma Water Resources Board 
(OWRB) at 42 and 22 observation wells in the Ogallala and Rush Spring aquifers, respectively. 
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The discharge rates obtained during the energy audits were averaged for each studied 
aquifer and used in obtaining M, assuming 1,000 hours of system operation per year. The OPE 
was estimated in a similar fashion, assuming that the average OPE of audited systems in each 
region is a reasonable representative of the average OPE of all systems in that region. In addition, 
this average OPE was assumed to remain constant over the studied long-term period (2001-2017). 
For natural gas powered pumping plants the energy use rate was converted from kWh to MJ. 
Variations in groundwater depths also influences the energy use and the GHG emissions.  
3. Results and Discussion 
3.1. Energy audits  
The measurements made at audited sites showed significant differences among Rush 
Spring (RS) and Ogallala (OG) aquifers. The average static groundwater depths (GWD), for 
instance, was 24.4 and 79.7 m for RS and OG, respectively. Barefoot (1980) tested 13 natural gas 
irrigation pumping plants in the Oklahoma Panhandle region (OG) and reported a similar average 
pumping lift of 80.4 m. The average dynamic GWD, measured 15 minutes after starting the 
pump, was 30.7 and 89.1 m for the same aquifers, respectively. The measured water pressure was 
larger for irrigation systems in RS, resulting in a smaller difference in TDH compared to GWD. 
The average TDH was 67.8 and 105.9 m for the RS and OG aquifers, respectively.  
The difference in TDH was accompanied by a corresponding difference in input energy. 
With an average value of 270 kW (362 Hp), the input power requirement in OG was nearly five 
times larger than the RS region with an average 56 kW (75 Hp). This probably explains the 
preference of natural gas engines over electric motors as an energy source for powering OG 
pumping plants since large electric motors have specific wiring and utility constraints. The water 
discharge rates were similar in the two study regions, with average values of 36.2 and 36.0 l sec-1 
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for RS and OG aquifers, respectively. The average discharge reported by Barefoot (1980) was 
47.9 in the OG aquifer region, about 33% larger than the value found in the present study. 
The overall pumping efficiency (OPE) of the sites in the RS aquifer region (electricity 
powered) varied from 24.9% to 62.6%. Of the ten pumping plants evaluated, nine had an OPE 
below 56% and fell under the low rating category according to the CIT classification. Seven 
plants had OPE less than 50%, which was proposed by Hanson (2002) as the threshold below 
which repairing or replacing the plant should be considered. All of the systems had efficiencies 
smaller than the recommended OPE of 66% by the NPPPC standard. The average OPE for the RS 
region was 43.3%. The difference between estimated OPE and NPPPC standard implies that 
nearly 23% of electrical energy is wasted on average due to poor efficiency of the pumping plant 
in the RS region. The average OPE in this study compares well with the average OPE of 42.6% 
reported by Fipps et al. (1995) and 47.0% reported by New and Schneider (1988) for pumping 
plants in the High Plains and Trans-Pecos areas of Texas. The range of efficiencies in New and 
Schneider (1988) was also similar to this study with values varying from 16.8% to 70.6%. 
However, DeBoer et al. (1983) reported larger average OPE of 58% in for electricity-driven 
pumping plants in west central Minnesota, North Dakota and South Dakota. The plants tested in 
DeBoer’s study were fairly new, with 74% being less than six year old, which could be the cause 
of relatively higher efficiency. 
The OPE of the natural gas powered pumping plants in the OG aquifer region ranged 
from 5.7% to 21.4%. Out of 14 audited pumping plants, ten had an OPE less than the NPPPC 
recommended standard of 17% for natural gas internal combustion engines. The average OPE for 
the OG region was 13.6%, close to average OPE of 13.2%, 11.7%, and 13.1% reported for natural 
gas powered pumping plants in Oklahoma and Texas by Barefoot (1980), New and Schneider 
(1988), and Fipps et al. (1995), respectively. The range of OPE in New and Schneider (1988) was 
2.2-21.6%, similar to the range of OPE estimated in the present study. 
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Linear regression analysis conducted on data collected at each site and combined 
revealed that there was no significant relationship between OPE and the two aquifer parameters 
of TDH and discharge rate (p values larger than 0.37). This suggest that the performance of 
audited systems was impacted by other factors such as the age and condition of the pumping 
plants. Small sample sizes of systems tested may have also contributed to the lack of correlation. 
Table 1. Average values of main characteristics of studied irrigation pumping plants in the Rush 
Spring (RS) and Ogallala (OG) study areas 
Parameter RS OG 
Static groundwater depth (m) 24.4 79.7 
Dynamic groundwater depth (m) 30.7 89.1 
Total dynamic head (m) 67.8 105.9 
Discharge (l sec-1) 36.2 36.0 
Overall pumping efficiency (%) 43.3 13.6 
 
3.2. Life Cycle Assessment 
The LCA of electric motor pumps examined the emissions at the electric generation 
stations The total GHG emissions for these pumping plants ranged from 29 to 54 metric tons of 
CO2 (t CO2-eq) and averaged 41 t CO2-eq for 1,000 hours of pump operation. 
The LCA of natural gas driven pumps examined the emissions from natural gas 
extraction, processing, storage, transportation and end-use at the irrigation site. As mentioned 
before, a two-part analysis that used GREET WTP and EPA emissions calculations for stationary 
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engines was carried out. The energy required by natural gas powered pumping sites for pumping 
groundwater ranged from 527,528 MJ to 1,543,969 MJ for 1,000 hours of pump operation. The 
total GHG emissions from these sites averaged 79.25 (tons) CO2-eq and ranged from 68.1 t to 112 
t CO2-eq. Compared to electricity powered pumping sites, the energy required and total GHG 
emissions of natural gas powered pumping sites were considerably higher. Part of this is due to 
the fact that natural gas engine irrigation pumps are used for deeper wells (higher TDH). In 
China, GHG emissions from groundwater pumping were reported to be 8.72 million metric tons 
of CO2 -eq (Qiu et al., 2018). Zou et al. (2013) evaluated GHG emissions from groundwater 
pumping and surface water pumping in China. The researchers calculated the GHG emissions as 
a product of energy consumption and emission factor (3.3 t CO2/ t for diesel and 0.9738 t 
CO2/MWh for electric pumps). Groundwater pumping using sprinkler irrigation accounted for 
172.63x 104 t of CO2- eq. In Iran, pumping groundwater for irrigation accounted for 3.6% of total 
carbon emissions of the country (nearly 4.945 million metric tons of carbon) (Karimi et al., 
2012). Compared to the US, the OPE in China and Iran is low. This affects the energy 
consumption and subsequently the GHG emissions. Variation in depth to groundwater also 
influences the energy use and hence the GHG emissions.  Patle et al. (2016) investigated the 
GHG emissions from groundwater pumping for a variety of crops in Haryana state of India. The 
TDH of 12m, OPE of 34.7% and emission factor of 0.94 kg CO2/kWh was used for estimating 
energy use and CO2 emissions respectively.   
3.3. Long-term trends  
Examination of the groundwater depth (GWD) data showed that the Rush Springs (RS) 
aquifer levels varied between 18.2 and 21.0 m from ground surface over the 17-year period, with 
a net decline of 1.5 m (Fig 2a). On the other hand, the Ogallala (OG) aquifer GWD experienced a 
steady decline from 56.6 to 62.3 m (Fig 2b). This is due to the fact that OG is deeper than the RS 
and has significantly smaller recharge rates. As a result the RS aquifer experienced an increase in 
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groundwater level during wet periods in 2005, 2007 to 2009 and 2015-2017, while no rise in 
water level was observed in OG. The rate of decline in water level was much greater during the 
drought years of 2011-2014 compared to wet and normal years for both aquifers. 
 
Figure 2. Annual average groundwater depth (GWD) for the Rush Spring (a) and Ogallala (b) 
aquifers. 
The linear relationship developed based on TDH and GWD measurements at audited sites is 
presented below: 
                                                     ! = 0.67 × C! + 53.76                                            (7)                                                   
 The relationship was statistically significant and had a large coefficient of determination 
(R2 = 0.78), suggesting that over three-fourth of variability in TDH could be explained by 
changes in GWD. A similar approach was employed by Wang et al. (2012), where the slope, 
intercept, and R2 were 0.91, 21.75, and 0.62 for a linear relationship between pump lift and 
GWD. 
As expected, the variations in energy requirement during the 2001-2017 period had a 
pattern similar to that of GWD in each aquifer region. In case of RS, energy requirement for 
1,000 hours of system operation per year varied from 53,721 to 55,247 kWh during the 17 years 
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considered and had an average of 54,344 kWh. The energy requirement was much larger at OG 
and increased over time, with a range of 233,175-242,980 kWh and average of 237,277 kWh 
(more than four times larger than the average in RS). When considering energy requirements per 
unit volume (1.0 m3) of pumped water, RS and OG regions had average rates of 0.42 and 1.84 
kWh, respectively. These values are similar to energy use rates of 0.21 to 0.64 kWh m-3 reported 
by Wang et al. (2012) for eleven surveyed provinces in China.  
In OG, the increase in energy requirement due to the increase in GWD over the 17-year 
period was 4% of the initial (2001) amount. Qiu et al. (2018) reported a significantly larger 
increase of 22% in energy use in China between 1996 and 2013. However, the rate of 
groundwater level decline in their study was 0.6 m yr-1, two times larger than the drop rate of 0.3 
m yr-1 observed in the present study. The results also revealed that improving the OPE at each 
region to achievable levels recommended by NPPPC would result in 34% and 19% reductions in 
average energy requirement in the RS and OG regions, respectively. 
 
Figure 3. Variations in annual energy requirement for 1,000 hours of operation per year in the RS 
(a) and OG (b) regions. 
The increase in energy use would be directly responsible for an associated increase in 
total GHG emissions over the study period. A 4.6% increase in energy use rate in the OG aquifer 
region led to a predicted 14.3% increase in total GHG emissions for every 1,000 hours of 
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operation. In the RS aquifer region, the total GHG emissions and energy use rate would increase 
by nearly the same amount (i.e. 1.72 %). The total GHG emissions were found to be higher in the 
OG aquifer region than RS aquifer region due to lower water depths and observed state of tune of 
many of the natural gas engines (Figure 21). Apart from the groundwater level of the aquifer, the 
OPE of the system has large influence on the energy use rate and emissions. Improving the OPE 
of electricity powered pumping sites in the RS aquifer region to NPPPC recommended standard 
of 66% could on an average reduce total GHG emissions by nearly 52%. Similarly, improving the 
OPE of natural gas powered pumping sites from an average of 13.75% to NPPPC recommended 
17% in the OG aquifer region could potentially reduce emissions by 20%. In India, Patle et al. 
(2016) reported that improving electric pumping system efficiency (OPE) to 51% from existing 
34.7% could lead to a decline in CO2 emissions by 32%. 
3.4. Economic analysis 
 The economic implications for improving Oklahoma center pivot irrigation system 
energy efficiencies was also investigated. Irrigation energy costs can be one of the largest 
categories of costs a producer in Oklahoma will incur over a season (Taghvaeian, 2014). 
Improving the efficiency of the Oklahoma pumping plants to the NPPPC recommended standards 
could therefore decrease the current irrigation operating costs. 
Based on the audit data, growers in Oklahoma, on an average, spent $6,194 and $4,609 
for every 1,000 hours of operation of electricity and natural gas-powered pumping sites 
respectively. Depending on crop rotations etc., many producers will run longer than 1,000 hours. 
A significant potential for reduction in the operating costs of pumping plants was 
predicted if producers could meet the NPPPC standards from their current efficiencies. An 
average saving based on the 24 irrigation systems tested to date would be, for every 1,000 hours 
of operation, $2,190 and $1,195 for electricity and natural gas powered pumping plants 
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respectively. This is consistent with the findings of Hardin and Lacewell (1979) who reported 
dramatic decrease in fuel costs and increase in farm profits if OPE of center pivot systems was 
improved to achievable levels in the Texas High Plains. 
Extrapolating a similar trend for the total 3,456 electricity powered and 1,354 natural gas 
powered pumping plants in Oklahoma and assuming they had similar efficiencies to what the 
study observed, leads to estimated average savings amounting to approximately $7,600,000 per 
year for electrical irrigation systems in the state. The total extrapolated savings for natural gas 
irrigation statewide would be $1,160,000 for every 1,000 hours of operation. Over 20 years this 
could amount to over $150,000,000 and $22,000,000 in savings for electricity and natural gas 
powered pumping plants. Again, this is per 1,000 hours of operation and the sample size is 
limited but the implications are for significant energy cost savings. 
Also, the cost of a unit of electricity and natural gas varies over the years. In general, the 
cost of electricity in Oklahoma has been on a rise. Increasing from $0.061 per kWh in 2001 to 
$0.078 per kWh in 2017 (U.S. Energy Information Administration (EIA)). Higher variations have 
been observed in terms of costs of natural gas. The cost ranged from $6.27 to $13.03 per 1,000 
cubic feet of natural gas ($/MCF) (U.S. EIA). However, the cost of natural gas has decreased 
from $7.37/MCF in 2001 to $6.27/MCF in 2017. Considering the depth to groundwater of the 
pumping sites and the unit cost of electricity, the users in Oklahoma on an average spent nearly 
28% more in costs for 1,000 hours of pump operations in 2017 as compared to 2001. The cost 
increased from $3,464 in 2001 to $4,447 in 2017. The increasing cost of unit of energy and 
declining depth to groundwater could be the major cause of the incremental costs incurred. In the 
case of natural gas, a reverse trend was observed in the operating costs from 2001 to 2017. The 
cost decreased from $5,479 in 2001 to $4,661 in 2017 for every 1,000 hours of pump operations. 
The rapidly decreasing cost of natural gas was largely responsible for declining operating costs of 
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pumping sites. The effect of declining costs of source of energy was dominant as compared to 
lowering groundwater levels. 
4. Conclusion 
Prior to the study, the relative energy efficiency of Oklahoma center pivot irrigation 
systems over the two main western aquifers (Ogallala and Rush Springs) was unknown. Studies 
in Texas, Minnesota, North Dakota and South Dakota had shown considerable potential for 
energy efficiency improvement in these types of systems (New et al., 1988, DeBoer et al., 1983). 
After three years of testing Oklahoma systems over these aquifers, it appears the potential for 
improvement is also significant. Improving the efficiency of the Oklahoma pumping plants to the 
NPPC recommended standards would (on average) decrease the current energy use of these 
systems. 
Hand in hand with decreased energy use is the reduction in irrigation related emissions to 
air, land and water. In order to determine the approximate emissions savings, Life Cycle 
Assessments using the GREET® LCA software were performed on each irrigation test and the 
results shown above. Of particular interest are the greenhouse gas emissions at both fuel or 
energy production and at the end use (irrigation site). 
The economic consequences for irrigation energy efficiency improvement are also 
shown. The potential savings are significant for producers who operate on small margins. The 
study also examines the energy, emissions and economic effects of lowering ground water levels 
in the Ogallala and Rush Springs aquifers over a 16 year span from 2001 to 2017. Because water 
pumping height is a primary variable in the pumping power relationship, lowering of these 
aquifers over short time spans produces corresponding higher energy requirements.   
 
21 
 
Acknowledgment 
This work was supported by a joint research and extension program funded by the 
Oklahoma Agricultural Experiment Station (Hatch funds) and Oklahoma Cooperative Extension 
(Smith Lever funds) received from the National Institutes for Food and Agriculture, U.S. 
Department of Agriculture. Additional support was provided by the Oklahoma Water Resources 
Center through the U.S. Geological Survey 104(b) grants program. 
 
 
 
 
 
 
 
 
 
 
  
      
 
 
22 
 
CHAPTER III 
 
 
THE UNIFORMITIES OF GROUNDWATER-BASED IRRIGATION SYSTEMS IN 
OKLAHOMA AND THEIR ENVIRONMENTAL IMPACTS 
 
Abstract 
Keywords: Center pivots; uniformity; catch can; DayCent model, plant production, 
evapotranspiration, nutrient cycling, and trace gas fluxes 
Center pivot sprinkler systems are widely used in the US. Approximately 80% of 
irrigated farms used center pivots for irrigation in the US. However, sprinkler systems are 
associated with a degree of water application non-uniformity. This non-uniformity can impact 
crop yield, evaporation, percolation, transpiration, leaching etc. Irrigation audits were performed 
in the panhandle and west central Oklahoma from 2015 to 2017 in order to evaluate the 
uniformities and water application efficiencies of center pivot systems in Oklahoma. The “catch 
can” method was used to estimate application efficiencies of the systems. Based on the audit’s 
results, three different irrigation treatments (different levels of uniformities- full irrigation (FI), 
under irrigation (UI), and over irrigation (OI)) were chosen. The DayCent ecosystem model was 
then used to simulate the impact of non-uniform irrigation on evaporation, transpiration, 
percolation, nutrient losses, leaching, crop yield etc. for the three different scenarios. The results 
demonstrate that while over irrigation lead to significant loss of water due to increased 
evaporation and nutrient loss. Under irrigation lead to reduced crop yield. Based on the modeling 
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results, we conclude that improving system efficiency is essential to reduce water losses, nutrient 
leaching, production of greenhouse gases and enhanced crop production. 
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1. Introduction 
Center pivot sprinkler systems were invented over 60 years ago to reduce labor 
requirements, enhance agricultural production, and optimize water use (Martin, 2011). Today, 
center pivot systems are the most popular mode of irrigation in the United States of America. 
Analysis from the USDA farm and ranch irrigation survey show that in 2013, approximately 80% 
of the irrigated farms used center pivots for applying irrigation water. In Oklahoma, center pivot 
systems were used on nearly 96% of the irrigated farms. The growers applied more than 170 
billion gallons of water for irrigation in Oklahoma (Taghvaeian, 2014).  
Center pivots are capable of efficiently and effectively applying controlled amounts of 
water on different types of soil (Martin, 2011). However, sprinkler irrigation systems are 
associated with a degree of non-uniformity (Leung et al., 2000). Operation parameters (moving 
speed, head pressure, etc.), configuration parameters (type of nozzle, pressure regulator etc.) and 
the condition of the system at the time of operation influence the uniformity of sprinkler irrigation 
system (Lianhao et al., 2016).  Water application uniformity is a measure of the consistency of 
water distribution over the entire irrigated area. With the rising population and associated crop 
production,  increasing costs of farm inputs such as water, fertilizers, fuel etc. irrigators are under 
pressure to produce more yield with less water and thus, improve the efficiency of water 
application uniformity (Howes et al., 2014; Mora et al., 2013; Levidow et al., 2014). Irrigation 
systems should apply the water uniformly in sufficient quantities without over-watering or 
generating runoff (Irrigation energy audit manual, 2012). Optimizing water management is also 
crucial for maintaining environmental quality (Leung et al., 2000). In China, Li et al. (2005) 
conducted field experiments to study the effect of non- uniform irrigation on crop yield and 
percolation. Kassem et al. (2009) pioneered research to evaluate the impact of non-uniformities 
on evaporation, deep percolation, and yield. Previous studies also looked at impact of non-
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uniform irrigation on transpiration, yield etc. (Doorenbos et al., 1979; Solomon, 1983; Ayars et 
al., 1990; Asher et al., 1990; Montazar et al., 2008).   
1.1 Model Description  
DayCent is a daily time step ecosystem model developed from the monthly time step 
CENTURY model. The model simulates plant production, actual evapotranspiration, nutrient 
cycling, and trace gas fluxes like CO2, N2O, NOx and CH4 (Parton et al., 1998).  It has been 
widely used to estimate trace gas emissions from irrigated agricultural soils. Del Grosso et al 
(2008) used the model to predict Nitrous oxide emissions in irrigated tillage systems in Colorado. 
Cheng et al (2013) and Weiler et al (2018) used DayCent to estimate daily CH4 fluxes from rice 
cropping system in China and Brazil respectively. In the United States, simulations for nitrous 
oxide (NOx) emissions from cropped soils were also performed at national level (Del Grosso et 
al., 2006). Duval et al (2018) investigated the effects of water and nitrogen management on semi-
arid sorghum production and soil trace gas flux under future climate using the DayCent model. 
Hartman et al. (2011) used the model to report the impact of land use change over 120 years on 
the greenhouse gas exchange rate in the U.S. Great Plains soils. Apart from the trace gases flux, 
the model has been successfully adapted to simulate crop yield, soil water dynamics, soil organic 
carbon (SOC), net primary production (the gross carbon influx discounted for plant respiratory 
costs of growth and maintenance), litter decomposition (Parton et al., 1998; Cleveland et al., 
2013; Bonan et al., 2013). However, little information is available on the impact of non-uniform 
irrigation on water fluxes, nutrient losses, nitrous oxide emissions etc. for cover crops in 
Oklahoma.  
In this study, the field evaluations of irrigation uniformities were combined with their impacts 
on soil water dynamics using the DayCent model. Thus, the aim of the present study was (i) to 
evaluate the uniformities and water efficiencies of center pivot systems in Oklahoma, (ii) to 
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analyze the impact of irrigation non-uniformities on the water flux, nutrient losses, leaching and 
on-site Nitrous dioxide (N2O) emissions using the DayCent model. 
2. Materials and Methods 
2.1 Study area   
A total of 21 center pivot irrigation systems in western Oklahoma were evaluated for 
uniformities and water efficiencies from 2015-2017 (figure 4). The systems analyzed varied in 
size, with the shortest center pivot having a length of 124 m (3 spans) and the longest one being 
412 m (10 spans). The long term average annual rainfall varies from 438 mm in the panhandle 
climatic division to 619 mm in west central climatic division.  
 
Figure 4. Location of tested systems across Oklahoma 
2.2 Water Audits 
The global standardized catch-can method (Zhang et al., 2013) was used to estimate 
center pivot irrigation water application uniformity. For each evaluation, numerous catch-cans 
were placed on a radius of the irrigated circle at equal distances (3m to 6m). The catch-cans were 
graduated both in inches and millimeters for direct measurement. The center pivot was allowed to 
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pass completely over the catch-cans while applying water. The amount of water collected in each 
can was used to estimate the Coefficient of Uniformity (CU) and Distribution Uniformity (DU).   
2.2.1. Coefficient of Uniformity (CU) 
The CU was estimated based on the Heermann and Hein formula (ANSI/ASAE S436.1): 
                                                     CU = 100% × [1- 
F
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 ]                                          (8) 
where n is the number of catch cans used in the data analysis, CU is the Heermann and Hein 
uniformity coefficient, j is the number assigned to identify a particular catch can beginning with i 
= n for the most remote catch can from the pivot point, VS  is the volume of water collected in the 
ith catch can, Sj represents distance of the ith collector from the pivot point, and Vp is the 
weighted average of the volume of water caught.  
 Based on Merriam et al. (1978), CU values lying in the range of 90%-95% were classified as 
excellent, 85%-90% as good, 80-85% as fair and less than 80% as poor - with a recommendation 
of full maintenance of the entire irrigation system.  
2.2.2. Distribution Uniformity (DU) 
 The DU indicates the uniformity of application throughout the field and is computed by: 
                                     !T = U	 VW X		 YZ [ W	 	\UYU	 YZ [ W	 	\UY × 100                         (9) 
The average low-quartile depth of water received was calculated by measuring the average depth 
of water collected in the low one-quarter the total catch cans. DU was then calculated by dividing 
the average low-quarter depth of water received by the average depth of water received by the 
entire field.  
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 Based on Merriam and Keller (1978) DU ratings were classified into five categories. The DU 
ratings were classified as excellent, very good, good, fair, poor and unacceptable ratings for the 
range greater than 85%, 80%, 75%, 70%, and less than 65% respectively. 
2.2.3. Conveyance Efficiency 
 The conveyance efficiency (CE) is defined as the ratio between the amount of water that reaches 
a farm or field, and the amount diverted from the irrigation water source (well). It is defined as: 
                                                         \ = 2] 2^  × 100                                                                    (10) 
  
where \ is the conveyance efficiency (%), ;[ is the volume of water that reaches the farm or 
field ($7), and ; is the volume of water diverted ($7) from the source (Howell, 2003).  
 In general, conveyance losses are negligible for center pivot irrigation systems as compared to 
flood or other simpler irrigation methods. However, the conveyance losses for center pivot 
irrigation can become significant in the event of broken or leaking water lines and sprinklers.   
2.3 DayCent Model 
 The major inputs required for the model are; weather data, soil data and management practices. 
The weather data like maximum temperature, minimum temperature, and precipitation was 
obtained from Parameter elevation Regressions on the Independent Slopes Model (PRISM, 
Oregon State University). The spatial resolution of gridded PRISM data is 4 km (PRISM, 2015). 
PRISM does not provide information on solar radiation. Information about the soil texture (% of 
sand, silt, and clay), bulk density and soil pH was obtained from the UC Davis web soil survey. 
Table (2) describes the soil physical properties (top 20 cm) of the experiment site.   
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Table 2: Soil physical properties of the experiment site 
Depth 
(cm) 
Bulk density 
(g _$M7) 
 
% Sand  % Clay Field 
capacity 
(FC) 
(volumetric) 
Wilting point 
(WP) 
(volumetric) 
pH 
210 1.23 0.35 0.31 0.33 0.14 7.2 
 
 The simulation was performed in three stages. First stage was the equilibrium stage. DayCent 
divides the soil organic matter into three pools based on turnover time i.e. active pool (2-4 years), 
slow pool (20 to 50) and passive pool (800-1200) (Parton et al., 1987). As it is difficult to 
establish the carbon content in these pools (the exact values are not available), the equilibrium run 
is performed to establish initial soil carbon values. A spin up period of 4,000 years considering 
grassland was used. The equilibrium stage was reached once the soil carbon in all three pools 
stabilized.  
 Second stage was the base stage. It was simulated from the years 1980-2000. Data on the 
management practices adopted in Oklahoma during base years was collected from the Oklahoma 
Panhandle research and extension center. Two different field crops: sorghum (Sorghum bicolor) 
(1980-1990) and corn (Zea mays) (1991-2000) were input in the model. Conventional tillage 
practices were considered. Disks point chisel tandem disks and cultivator were used before 
planting. Nitrogen fertilizer  ( 100% ammonia) was applied in a single application before planting 
the crop. The amount of fertilizer used was 27.7 g/m2 in the initial years and then increased to 
29.9 g/m2 in the years 1996 to 2000. Automatic irrigation was set to irrigate the field whenever 
the available water holding capacity dropped below 75%, beginning a day after planting until the 
end of the growing season. The amount of water to be applied was specified as 3.2 cm. The crop 
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yields values were compared with National Agricultural Statistics Service (NASS) county level 
yield data. For the years selected for comparison, NASS does not distinguish between irrigated 
and non-irrigated yield in the county of experiment. 
  The third stage was the experiment simulation from 2000 to 2017. For this period, the tillage 
practice was changed from conventional tillage to no tillage. To account for the change in the 
type of tillage the amount of fertilizer was increased by 10% in the first three years. After this 
time period, the amount of fertilizer was kept the same as the base simulation. The irrigation 
amount was also maintained the same as the base simulation. Beginning at 2015, variations in the 
irrigation rates were incorporated in the model. Three different types of irrigations i.e. full 
irrigation, under irrigation and over irrigation were implemented, keeping all other management 
practices like the amount of fertilizer, tillage practices etc. constant. The variations in the 
irrigation amounts were based on averages from the water audits results conducted in the Ogallala 
aquifer region. Under full irrigation, automatic irrigation was applied whenever the available 
water holding capacity dropped below 50%. The irrigation event lasted till the field was irrigated 
to field capacity. This process started a day after planting and was continued till the end of 
growing season. The highest, lowest and average rates of water application were determined for 
each site. Following this, the ratio of highest and lowest application to average application was 
calculated for each site. The average value of the ratio of highest application to average 
application and of lowest application to the average application for all the sites was chosen as 
high irrigation treatment and low irrigation treatment respectively. Table (3) below provides 
additional information on the irrigation treatments.  
Table 3: Description of irrigation treatments 
Treatment  Irrigation  
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Water fluxes such as evaporation, transpiration, percolation etc. under different irrigation 
treatments were analyzed using the DayCent model. The model uses the “tipping bucket” 
approach and Richard’s equations for movement and re-distribution of water within the soil 
respectively (Parton et al., 1998). The model predicts the daily water balance using the following 
equation: 
                                Δ`% =  + a&-* −  _ − b − ! + C    (11) 
where, Δ`c is the net change in soil water at the end of day i and i-1,  P, RO, and DP are 
precipitation, runoff, and deep percolation on day i, respectively. Inet is the net irrigation on day 
i. GW is the ground water contribution if a shallow water table is present. ETc is the actual 
evapotranspiration on day i (DayCent user’s manual, 2017). Transpiration is the function of the 
relative water content fraction of the wettest soil layer (Parton et al., 1998). Nutrient losses and 
nitrogen oxide emissions due to non-uniform water application were also assessed.  
3. Results and Discussion 
3.1 Water Audit  
Full irrigation  
(FI) 
Irrigate to field capacity when soil moisture drops below 
50% of total available water 
Over irrigation 
(OI) 
2.01×FI 
Under irrigation  
(UI) 
0.43×FI 
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The water audits were performed by calculating the two uniformity indicators: CU and 
DU. The calculated values of CU and DU were then compared against the recommended 
standards. High variations in the performance of the systems were observed. The variations could 
be due to widely different pump operating conditions, clogged nozzles, differences in system 
pressures etc. While the system with highest uniformity had CU of 94% and DU of 31%. The 
system with lowest uniformity had CU of 31% and DU of 14% only. Graphs (5a & 5b) below 
demonstrate the variations in can collections of the systems with highest and lowest uniformities. 
 
Figure 5: Systems with highest (a) and lowest (b) uniformity, respectively 
The CU of all the plants evaluated in Oklahoma ranged from 31% to 94%. Overall, the 
average CU was estimated to be 79.8%. Although the average CU falls under the poor category 
according to the classification, it compares well with 78% reported by Henggeler et al (2009) for 
the irrigation systems tested in Missouri. Of the twenty one plants evaluated only 24% had 
excellent performance, i.e. had a CU rating in the 90%-95% range. Nearly 33% of the systems 
had poor application uniformity (figure 6).  
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Figure 6: Efficiency Distribution of CU  
The distribution uniformity performance fared worse than the coefficient of uniformity 
performance with an overall average of 71.1%. The average DU is much below the recommended 
standards. In South Africa, Ascough et al. (2002) reported average DU of 81.4%. Higher 
variation in the DU performance was observed with lowest being 14% and highest being 88%. 
Only 14% of the total plants evaluated had excellent performance, i.e. had a DU rating greater 
than 85%. A significant number, nearly 19% had DU rating less than 65% and fell under the poor 
and unacceptable performance category (figure 7).  
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Figure 7: Efficiency Distribution of DU 
3.1.1 Water conveyance efficiency 
The water conveyance efficiency of most pumps ranged from 85%- 100% (figure 8). 
Even though the percentage loss might appear insignificant, reducing or eliminating this amount 
of water loss will result in supplying more water at proper pressures to the field. The average 
WCE of all the systems was reported to be 94%.  
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Figure 8: Efficiency Distribution of WCE 
3.2 DayCent simulation results 
3.2.1 Water fluxes results  
Variations in the rates of evaporation, transpiration and percolation were observed under 
different irrigation treatments. The evaporation rates ranged from minimum 0.002 cm/day to 
maximum 0.124 cm/day under UI and OI respectively. The average cumulative evaporation for 
all three years was reported to be 23.93 cm, 23.05 cm, and 21.9 cm for OI, FI, and UI 
respectively. Compared to 2015 and 2017, the simulated rates of evaporation under all treatments 
were higher in the year 2016. Although the irrigation scheduling and amounts were similar under 
different treatments for all three years, the higher average temperature (PRISM) for 2016 could 
be the cause of higher evaporation rates. In a similar study conducted in Saudi Arabia, air 
temperature had highest effect on the water losses due to evaporation. The level of irrigation 
uniformity did not affect the outputs as much as temperature (Kassem, 2009). The transpiration 
rates ranged from 0.003 cm/day to 0.583 cm/day. The average cumulative transpiration over three 
years was estimated to be 73.18 cm, 73.11 cm, and 68.54 cm for OI, FI, and UI treatments 
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respectively. Transpiration is affected by water stress. Increased water stress leads to stomatal 
closure, thereby reducing the transpiration (Hsiao, 1973). Under UI treatment, water stress was 
induced and the transpiration rate was observed to be significantly lower in comparison to FI and 
OI. The transpiration rates under FI and OI treatments were similar and not affected much 
because of no water deficiency. Similar findings were reported in a study conducted in San 
Joaquin Valley, California (Asher et al., 1990). The researchers performed field experiments 
using different levels of irrigation uniformities (different CU) to determine the impact of non-
uniformities on transpiration and deep percolation. Transpiration rates were found to reach 
maximum when the water application reached maximum (and vice versa). In our study, 
percolation to deep storage was also analyzed. The cumulative water flux to deep storage under 
OI was nearly 3.5 times and 1.66 times higher than UI and FI respectively. Asher et al (1990 a) 
and Kassem (2009) also highlighted that higher irrigation uniformity lead to smaller deep 
percolation. Li et al (2005) reported that sprinkler uniformity had minor effects on deep 
percolation. The increased clay content below 40 cm depth of soil was reported to be the reason 
for this observation.  Figure (9) illustrates the cumulative evaporation, transpiration and 
percolation under FI, UI and OI over three years.  
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Figure 9: Cumulative transpiration, evaporation and deep percolation under different 
treatments 
3.2.2 Nutrient losses and leaching  
Intensive irrigation stimulates rapid movement of nutrients beyond the root zone (Endelman et 
al., 1974). Sprinkler uniformity also impacts the concentration of nutrients and leaching (Li et al., 
2005; Brito et al., 1982). At the end of our study, the NO3 concentration in the soil profile under 
UI treatment was found to be the highest. It was nearly 18 and 154 times higher than FI and OI 
respectively. Treatment OI with highest irrigation and non-uniformity had the highest loss of NO3 
from the soil profile. Spatial distribution of NO3 in the soil layers was not taken into account. 
Similar observations were made for the concentration of ammonium (NH4) in the top 10 cm of 
the soil profile. The NH4 concentration under UI was 4.5% higher than FI and 9.4% higher than 
OI. Figures (10&11) show cumulative NO3 concentration and NH4 concentration in the last and 
top 10 cm of the soil layer. 
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Figure 10: Cumulative NO3 concentration in last soil layer under different treatments 
 
Figure 11: Cumulative NH4 concentration in top 10cm under different treatments 
The daily organic N leached at our experiment site ranged from 0.006 g N/$8 to 0.09 g 
N/$8. A significant difference in the amounts of N leached under different treatments was 
observed. The average cumulative organic N leached under OI was 90% higher than UI and 69% 
higher than FI.  The results are in agreement with previous findings that better uniformity leads to 
lower leaching (Brito et al., 1982). In addition to uniformity, leaching was also impacted by 
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precipitation. The lower average rainfall in 2016 (1.126 mm) as compared to 2015 (2.143) and 
2017 (1.65 mm) was responsible for smaller leaching in 2016 (PRISM).  
3.2.3 Crop yield  
The impact of water management practices on the crop yield was also analyzed. The 
average yield over three year was estimated to be 12,441 kg/ha, 14,526.23 kg/ha, and 14,458 
kg/ha for UI, FI, and OI treatments respectively. Water deficit or waterlogging caused due to poor 
uniformity affects the crop yield (Doorenbos et al., 1979; Solomon, 1983). The crop experienced 
water stress in UI treatment. The water available for plant growth in the soil profile under UI was 
21% and 15% less than OI and FI respectively. Very negligible difference in the yield was 
observed under FI and OI treatment. Although, the water available in the soil profile was 
maximum under OI treatment, the crop yield is also affected by a variety of other factors such as 
the amount of nutrients available, aeration etc. As such, the decrease in the concentration of 
nutrients like NH4 and NO3 could be responsible for smaller yield under OI treatment. Previous 
studies have also reported a minor impact of non-uniformity on crop yields (Mateos et al., 1997; 
Li et al., 2005; Kassem, 2009). Factors like depth of irrigation, total nitrogen content, nitrogen 
uptake etc. had dominant effect than irrigation uniformity. However, some studies have indicated 
that better uniformity enhances crop yield (Ayars et al., 1990; Montazar et al., 2008).  
3.2.4 N2O emissions 
Reduction of NO3- or NO2- to gaseous N oxides by bacteria is known as denitrification. A 
sufficient amount of organic matter is critical for the process of denitrification. Components like 
soil nitrate concentration, soil texture, soil bulk density, volumetric field capacity, heterotrophic 
CO2 respiration rate, and soil water filled pore space are used to calculate denitrification in the 
model (DayCent manual). The yearly N2O emissions were calculated. Corresponding to varying 
irrigation uniformities, variations in emissions were observed beginning from year 2015. The 
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average NO3 concentration in the soil layers with maximum bacterial activity (up to 30 cm) was 
examined. The average NO3 concentration in the UI treatment was 70 and 274 times higher than 
the FI and OI treatments respectively. The N2O emissions were highest for the FI treatment. The 
UI treatment had the smallest emissions.  
4. Conclusion 
      The irrigation uniformities of the systems tested show significant potential for improvement. 
The average CU and DU were reported to be 79.8% and 71.1 % respectively. The average WCE 
was 94%. Although the average WCE appears to be high, significant amount of water can be 
conserved if it is improved. In this study, the major impacts of non-uniform irrigation on the crop 
production, water fluxes, nutrient losses etc. were observed. The average cumulative transpiration 
was reported to be highest under OI treatment. The average cumulative evaporation for all three 
years was reported to be 23.93 cm, 23.05 cm, and 21.9 cm for OI, FI, and UI respectively. The 
cumulative water flux to deep storage under OI was nearly 3.5 times and 1.66 times higher than 
UI and FI respectively. Treatment OI with highest irrigation and non-uniformity had the highest 
loss of NO3 from the soil profile. The average yield over three year was estimated to be 12441 
kg/ha, 14526.23 kg/ha, and 14458 kg/ha for UI, FI, and OI treatments respectively. 
           This is important because the irrigation auditors observed that producers with low water 
application uniformities (CU and DU) tended to over-water the field in order to bring the areas of 
low water application up to some acceptable crop production. This in turn, leads to over-watering 
other areas of the field. In essence, a low uniformity field often experiences aspects of OI, FI and 
UI simultaneously. The corresponding low crop production, nutrient loss, soil outgassing and 
over-use of water can occur in a single irrigated field. The aggregate effect of many irrigated 
fields in this situation can have significant impacts for agricultural areas. 
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CHAPTER IV 
 
 
CONCLUSIONS 
A substantial potential for improvement in the OPE and application uniformities was observed for 
the irrigation systems tested in Oklahoma. Improving the OPE of the tested systems to NPPPC 
standard could reduce the energy consumption by 34% and 19% and subsequently lower the 
GHG emissions by 52% and 20%  for the electricity and natural gas powered pumping plants 
respectively. Improving the OPE could also lead to decrease in operating costs of the pumping 
plants. Growers could on an average save $2,190 and $1,195 for every 1,000 hours of operation 
for electricity and natural gas powered pumping plants respectively. For application uniformities, 
the average CU, DU and WCE of all the systems tested were reported to be 79.8%, 71.1% and 
94% respectively. Non-uniformities lead to considerable amount of water losses in terms of 
evaporation, deep percolation, and transpiration. Losses were also incurred in terms of nutrients 
being lost beyond the crop root zone. Improving the application uniformities would help conserve 
water and soil nutrients.          
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APPENDICES 
 
APPENDIX A: CATCH CAN TESTS DATA 
 
Table 4: System with highest uniformity 
 
Distance 
(ft) 
Can 
ID  
Application 
(in) 
Average of 
all cans (in) 
Lowest quarter 
average (in) 
 1  0.19 0.17 
 2  0.19 0.17 
 3  0.19 0.17 
 4  0.19 0.17 
 5  0.19 0.17 
 6  0.19 0.17 
 7  0.19 0.17 
 8  0.19 0.17 
180 9 0.17 0.19 0.17 
200 10 0.16 0.19 0.17 
220 11 0.21 0.19 0.17 
240 12 0.16 0.19 0.17 
260 13 0.17 0.19 0.17 
280 14 0.19 0.19 0.17 
300 15 0.16 0.19 0.17 
320 16 0.16 0.19 0.17 
340 17 0.21 0.19 0.17 
360 18 0.19 0.19 0.17 
380 19 0.18 0.19 0.17 
400 20 0.19 0.19 0.17 
420 21 0.2 0.19 0.17 
440 22 0.19 0.19 0.17 
460 23 0.18 0.19 0.17 
480 24 0.2 0.19 0.17 
500 25 0.18 0.19 0.17 
520 26 0.23 0.19 0.17 
540 27 0.21 0.19 0.17 
52 
 
560 28 0.2 0.19 0.17 
580 29 0.2 0.19 0.17 
600 30 0.21 0.19 0.17 
620 31 0.2 0.19 0.17 
640 32 0.2 0.19 0.17 
660 33 0.2 0.19 0.17 
680 34 0.2 0.19 0.17 
700 35 0.2 0.19 0.17 
720 36 0.2 0.19 0.17 
740 37 0.2 0.19 0.17 
760 38 0.21 0.19 0.17 
780 39 0.16 0.19 0.17 
800 40 0.18 0.19 0.17 
820 41 0.19 0.19 0.17 
840 42 0.17 0.19 0.17 
860 43 0.17 0.19 0.17 
880 44 0.18 0.19 0.17 
900 45 0.18 0.19 0.17 
920 46 0.19 0.19 0.17 
940 47 0.19 0.19 0.17 
960 48 0.2 0.19 0.17 
980 49 0.17 0.19 0.17 
1000 50 0.18 0.19 0.17 
1020 51 0.19 0.19 0.17 
1040 52 0.22 0.19 0.17 
1060 53 0.19 0.19 0.17 
1080 54 0.17 0.19 0.17 
1100 55 0.19 0.19 0.17 
1120 56 0.21 0.19 0.17 
1140 57 0.19 0.19 0.17 
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Table 5: System with lowest uniformity  
Distance 
(ft) 
Can ID  Application 
(in) 
Average of 
all cans (in) 
Lowest quarter 
average (in) 
0 1   0.24 0.03 
0 2   0.24 0.03 
0 3   0.24 0.03 
0 4   0.24 0.03 
0 5   0.24 0.03 
0 6   0.24 0.03 
0 7   0.24 0.03 
0 8   0.24 0.03 
0 9   0.24 0.03 
0 10   0.24 0.03 
0 11   0.24 0.03 
0 12   0.24 0.03 
0 13   0.24 0.03 
0 14   0.24 0.03 
0 15   0.24 0.03 
0 16   0.24 0.03 
340 17 0.56 0.24 0.03 
360 18 0.4 0.24 0.03 
380 19 0.65 0.24 0.03 
400 20 0.16 0.24 0.03 
420 21 0.06 0.24 0.03 
440 22 0.3 0.24 0.03 
460 23 0.7 0.24 0.03 
480 24 0.59 0.24 0.03 
500 25 0.11 0.24 0.03 
520 26 0.3 0.24 0.03 
540 27 0.27 0.24 0.03 
560 28 0.16 0.24 0.03 
580 29 0.17 0.24 0.03 
600 30 0.07 0.24 0.03 
620 31 0 0.24 0.03 
640 32 0.08 0.24 0.03 
660 33 0.36 0.24 0.03 
680 34 0.16 0.24 0.03 
700 35 0.1 0.24 0.03 
720 36 0.07 0.24 0.03 
740 37 0.21 0.24 0.03 
760 38 0.13 0.24 0.03 
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780 39 0.46 0.24 0.03 
800 40 0 0.24 0.03 
820 41 0 0.24 0.03 
840 42 0 0.24 0.03 
860 43 0 0.24 0.03 
880 44 0.18 0.24 0.03 
900 45 0.23 0.24 0.03 
920 46 0.08 0.24 0.03 
940 47 0.14 0.24 0.03 
960 48 0.13 0.24 0.03 
980 49 0.16 0.24 0.03 
1000 50 0.1 0.24 0.03 
1020 51 0.22 0.24 0.03 
1040 52 0.41 0.24 0.03 
1060 53 0.25 0.24 0.03 
1080 54 0.03 0.24 0.03 
1100 55 0.8 0.24 0.03 
1120 56 0.8 0.24 0.03 
1140 57 0.65 0.24 0.03 
1160 58 0.05 0.24 0.03 
1180 59 0.44 0.24 0.03 
1200 60 0.25 0.24 0.03 
1220 61 0.16 0.24 0.03 
1240 62 0.15 0.24 0.03 
1260 63 0.3 0.24 0.03 
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